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Native polyacrylamide gel electrophoresis was used in the current study to identify poly-
morphisms in a- and b-esterase loci in the leaves of Stevia rebaudiana Bert. Bertoni. The
esterases produced from the Est-2 and Est-4 loci were observed as strongly stained bands,
and four alleles were detected at each of these loci from the 428 analysed S. rebaudiana
plants. The observed and expected mean heterozygosity were higher in populations
maintained by genetically breeding plants for higher glycoside production than in plant
populations propagated by seeds or maintained by vegetative propagation. The esterase
analysis employed in this study showed that the artiﬁcial selection of plant samples with
speciﬁc uniform characteristics, such increased height and precociousﬂowering,may lead to
the ﬁxation of alleles and a/b-esterase phenotype patterns in S. rebaudiana populations. The
uniform a/b-esterase phenotype may be applied in the monitoring of genetic stability in
selected populations for speciﬁc traits of interest.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Stevia rebaudiana Bertoni is a herbaceous perennial shrub native to the highlands of Paraguay and sections of Argentina
and Brazil. The leaves of this plant are used by humans because they exhibit an intensely sweet taste due to diterpenic
glycosides such as stevioside and rebaudioside A. Stevioside and rebaudioside A are approximately three hundred and four
hundred times sweeter than saccharose, respectively (Santini et al., 2008). As described in a review by Soni et al. (2007), due
to the pharmacological importance of S. rebaudiana and its speciﬁc chemical composition, many studies have focussed on
different topics associated with this plant, such as methods for its in vitro cultivation (Sivaram and Mukundan, 2003; Hwang,
2006; Debnath, 2008; Patel and Shah, 2009); the chemical composition and therapeutic actions of both its crude extracts and
isolated compounds (Chatsudthipong and Muanprasat, 2009); its biotechnological modiﬁcation; and evaluations in the
formulation of foods. Recent studies have described new extraction procedures for the characterisation of steviosides from
the leaves of S. rebaudiana and their possible use as a non-caloric natural sweetener in food preparations (Santini et al., 2008;
Carakostas et al., 2008; Abdel-Salam et al., 2009).
The cultivation of S. rebaudiana plants has expanded to several countries in Asia, including China, Malaysia, Singapore,
South Korea, Taiwan, and Thailand. It has also been successfully grown in the United States, Canada, and Europe (Brandle et al.,
2002). Morphological divergence has been detected in cultivated plants (Tateo et al., 1998), and elucidation of the genes
coding for the various enzymes involved in the biosynthetic pathway of the steviol glycosides was carried out by Brandle and
Telmer (2007). However, issues such as genetic polymorphism in S. rebaudiana plants have not yet been addressed.
Knowledge of the genetic diversity of S. rebaudiana species is important related to the agronomic characteristics andax: þ55 44 32614893.
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populations is essential and highly important for identifying management units and for developing effective management
plans. It is possible that a differential number of alleles per locus, or different observed and expected proportions of
heterozygous loci may be found in different populations.
Examination of the polymorphism in a- and b-esterase isozymes using polyacrylamide gel electrophoresis (PAGE system)
was initially developed and employed in vertebrate and insect studies (Healy et al., 1991; Lapenta et al., 1995) and has recently
been used to analyse a- and b-esterase genetic polymorphism in plants (Pereira et al., 2001; Carvalho et al., 2003; Orasmo
et al., 2007; Frigo et al., 2009; Sala et al., 2011). Esterase isozyme polymorphisms are co-dominant markers, which are
useful for analysing the genetic structure of plant populations. Thus, the goal of the current study was to use native PAGE to
identify polymorphism in the a- and b-esterase loci of S. rebaudiana in leaf tissues for analysis of the genetic diversity and
structure of cultivated populations. Knowledge about the differences in S. rebaudiana populations is important for carrying
out the differential management and conservation of populations, as well as for performing crosses of this species in genetic
breeding programs. Our hypothesis was that the artiﬁcial selection pressure in S. rebaudiana cultures related to increasing
glycoside productionmay induce a lower level of genetic diversity than the genetic diversity level found in different cultivated
populations. Genetic diversity in the centre of the origin of this species should be high, and the common origin of cultivated
populations may result in a low level of interpopulation genetic divergence.2. Material and methods
Leaves of S. rebaudianawere randomly collected from different numbers of plants (from 30 to 200 plants) in each of four
cultivated populations (P1, P2, P3, and P4) and from selected samples (30 plants exhibiting increased height and 30 plants with
precocious ﬂowering) from the P4 population. The P1 population has been maintained since 1980 in the Experimental Farm of
Iguatemi of the State University of Maringá (Maringá, PR, BR); it has been maintained mainly through sexual propagation
from seeds produced by plants in the same area and seeds introduced from different regions. The plants of the P1 population
are not used as commercial source of glycosides. The P2 and P3 S. rebaudiana populations are cultivated by producers in the
Maringá region (Maringá, PR, BR), and the leaves of these cultures are used as a source for glycoside extraction. The P2
population has been maintained by genetically breeding plants for higher glycoside production. The P3 population has been
propagated by seeds produced by plants in same area and seeds introduced from different regions. The P4 population has
been maintained mainly by vegetative propagation for the production of seedlings at the Experimental Garden of Medicinal
Plants of the State University of Maringá (Fig. 1), and it is not used as a commercial source of glycoside.
Samples consisting of leaves collected from 30, 100, 204, and 94 plants of the P1, P2, P3, and P4 populations, respectively,
and leaves obtained from the 30 taller plants (S1) and from the 30 plants showing precocious ﬂowering (S2) selected from the
P4 population were evaluated by electrophoresis. Leaf fragments (150–200 mg) were individually homogenised with a glass
rod in a microcentrifuge tube using 20 mL of extraction solution containing 1.0 M phosphate buffer pH 7.0, with 5% PVP-40,
1.0 mM EDTA, 0.5% b-mercaptoethanol, and 10% glycerol solution and maintained in an ice chamber. After homogenisation,
the samples were centrifuged at 14,000 rpm (12,052 g) for 30 min, at 4 C in a Jouan MR23i centrifuge, and the supernatant
was used as sample.
Polyacrylamide gels (12%) were prepared using 0.375 M Tris–HCl, pH 8.8 as a buffer (Pereira et al., 2001). A 6.2 mL volume
of acrylamide/bis-acrylamide solution (30 g acrylamide and 0.8 g bis-acrylamide dissolved in 100 mL of twice-distilled
water), 4.0 mL 1.5 M Tris–HCl, pH 8.0, 6.2 mL twice-distilled water, 320 mL ammonium persulfate 2%, and 16 mL TEMED
were used to separate the gel. The stacking gel was prepared with 3.0 mL acrylamide/bis-acrylamide (5 g acrylamide and
0.25 g bis-acrylamide dissolved in 50 mL twice-distilled water), 3.0 mL 0.24 M Tris–HCl, pH 6.8, 30 mL twice-distilled water,
250 mL ammonium persulfate (2%), and 3 mL TEMED. Electrophoresis was performed for 5 h at 4 C at a constant voltage of
200 V. The running buffer used was 0.125 M Tris/0.0959 M glycine, pH 8.3.Fig. 1. Plants of Stevia rebaudianamaintained mainly by vegetative propagation for the production of seedlings at the experimental garden of medicinal plants of
the state university of Maringá.
Fig. 2. Polymorphismofa- andb-esterases detected in Stevia rebaudianaplants fromP1 (samples 1–8) andP3populations (samples9–17)produced fromEst-2andEst-4 loci;
thedifferentphenotypesarerepresented in lines:1)EST-23/3/EST-42/3;2)EST-22/3/EST-41/4;3)EST-23/4/EST-42/3;4)EST-23/3/EST-42/3;5)EST-23/3/EST-42/2;6)EST-22/3/EST-41/4;7)EST-23/3/EST-
41/2; 8)EST-23/3/EST-41/1; 9)EST-23/3/EST-42/3; 10)EST-23/3/EST-41/1; 11) EST-22/3/EST-41/1; 12)EST-22/3/EST-43/4; 13) EST-22/3/EST-44/4; 14)EST-22/3/EST-42/3; 15) EST-22/3/EST-42/3; 16)EST-24/4/EST-
42/3; 17) EST-23/3/EST-42/2. The Est-21 allele was not detected in this electrophoresis gel.
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of 0.1 M sodium phosphate, pH 6.2, at room temperature. Esterase activity was visualised by placing the gels in a staining
solution prepared with 50 mL of sodium phosphate solution, 30 mg of b-naphthyl acetate, 40 mg of a-naphthyl acetate 60 mg
of Fast Blue RR salt and 5 mL of N-propanol for 1 h.
After being dried as described by Pereira et al. (2001), the polyacrylamide gels were kept at room temperature for 60 min
in a mixture of 7.5% acetic acid and 10% glycerol embedded in 5% gelatine. They were then placed between two sheets of wet
cellophane paper stretched on an embroidering hoop and left to dry for 24–48 h.
The genetic variability in the investigated populations of stevia was analysed using the POPGENE 1.32 computer program
(Yeh et al., 1999) for analysis of the allele frequencies, observed and expectedmean heterozygosity (Ho and He), mean number
of alleles per locus (Na), effective number of alleles per polymorphic locus (Ne), percentage of polymorphic loci (%P), c2 test for
deviation from Hardy–Weinberg equilibrium, ﬁxation index (Fis), genetic similarity or distance coefﬁcients, and Wright’s
(1965) F-statistic values (Fit and Fst) for the four populations. The genetic identity (Nei, 1973) among the stevia populations
was calculated by UPGMA grouping.
3. Results
Native PAGE analysis for esterase isozymes in the leaves of S. rebaudiana plants recorded using a-naphthyl acetate and b-
naphthyl acetate indicated esterases produced from 8 loci. The characteristic band colours for the esterase isozymes corre-
spond to the hydrolysis of either a-naphthyl acetate (black) or both a- and b-naphthyl acetate (a mixture of black and red).
The esterases produced from the Est-2 and Est-4 loci were observed as strongly stained bands (Fig. 2), and four alleles were
detected at the Est-2 and Est-4 loci in the 428 analysed plants from the P1, P2, P3, and P4 populations. The esterases produced
from Est-1, Est-6, Est-7, and Est-8 were absent or detected as weakly stained bands in some S. rebaudiana samples, and
esterases from the Est-3 locus exhibited coincidentmigration in electrophoresis gelswith the isozymes from the Est-2 and Est-
4 loci. Two or more different alleles were indicated at Est-1, Est-3, Est-5, Est-6, Est-7, and Est-8, but homozygote and
heterozygote phenotypes was not be clearly determined, and only the polymorphism at Est-2 and Est-4 was analysed. Allele
frequencies were analysed for the Est-2 and Est-4 loci. Table 1 shows the number of alleles (Na), effective number of alleles
(Ne), and the mean observed (Ho) and expected (He) heterozygosity in each of the P1, P2, P3, and P4 S. rebaudiana populations.Table 1
Number of alleles per Est-2 and Est-4 locus (Na), effective number of alleles per polymorphic locus (Ne), mean heterozygosity observed (Ho) and expected (He)
in plants from the P1, P2, P3, and P4 Stevia rebaudiana populations.
Population N Na Ne Ho He
P1 30 3.0 1.88 0.4500 0.4294
P2 100 4.0 2.25 0.5700 0.5424
P3 204 4.0 1.66 0.3946 0.3700
P4 94 4.0 1.77 0.3883 0.4320
Total (P1–P4) 428 2.61 1.84 0.4381 0.4370
S1 30 1.5 1.50 0.5000 0.2500
S2 30 2.0 1.51 0.5167 0.2664
Total (S1–S2) 60 2.0 1.61 0.5083 0.3791
n: Number of plants analysed.
Table 2
Fixation coefﬁcients F (F(is), F(it), F(st); Wright, 1965) and gene ﬂux valour (Nm), in plants from four populations of Stevia rebaudiana.
Locus F(is) F(it) F(st) Nm
Est-2 0.0407 0.0161 0.0237 10.2939
Est-5 0.0013 0.0156 0.0169 14.5167
Total 0.1162 0.0036 0.0195 12.5713
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the P2 population the highest Ho and He values were 0.57 and 0.5424, respectively, while the lowest Ho value (Ho ¼ 0.3883)
was recorded in the P4 population, and a lower He value (He ¼ 0.37) was observed in the P3 population.
Departure from Hardy–Weinberg equilibriumwas observed for the Est-2 locus in the P2 population and for the Est-4 locus
in all four populations due to an excess of heterozygous individuals (negative F values). The ﬁxation index (Fis) value was
negative at the Est-2 and Est-4 loci in the four S. rebaudiana populations (Table 2). Ho was higher than He in the P1, P2, and P3
populations (Table 1), and therefore, a deﬁcit of heterozygous individuals occurred solely in the P4 population (plants
maintained by vegetative propagation at the Experimental Garden of Medicinal Plants).
Low population differentiation levels were detected in the four S. rebaudiana populations (Fst ¼ 0.0195). The Fst value
indicated that only 1.95% of the total variance in allele frequencies in the S. rebaudiana populations was due to genetic
differences among populations (Table 2). Accordingly, the gene ﬂow-level calculated from Fst was high, with Nm ¼ 12.5713
(Table 2). The gene ﬂux high and common genetic origin of the four populations may result in the low population differ-
entiation level observed in S. rebaudiana plants.
Nei’s identity (I) values varied between 0.9816 (plants of the P3 and P1 populations) and 0.9930 (plants of the P2 and P4
populations) (Table 3), showing that the P2 and P4 populations had the highest level of genetic similarity and indicating
a narrow genetic base of this species.
A relatively uniform electrophoresis pattern for the Est-2 and Est-4 loci was observed at the 30 taller plants (S1) and the 30
plants with precocious ﬂowering (S2) selected from the P4 population. Alleles Est-22 and Est-23 (EST-22/3 heterozygous
phenotype) and allele Est-42 in homozygosis (EST-42/2 phenotype) were detected in all 30 of the taller plants of S. rebaudiana.
In contrast, the homozygous phenotype at the Est-2 locus (EST-22/2) was observed in all 30 of the plants with precocious
ﬂowering, and the heterozygous phenotype was detected at the Est-4 locus (Est-42/3) in 29/30 plants with precocious
ﬂowering (Fig. 3). The number effective of alleles in the S1 and S2 samples was lower than was observed in the four pop-
ulations, and the Ho values were higher than the Ho detected in the P1, P3, and P4 populations (Table 1). The ﬁxation index (Fis)
value was negative at Est-2 and Est-4 loci (Fis ¼ 0.9688), indicating an excess of heterozygous plants in the selected samples
of S. rebaudiana from the P4 population. A very high genetic differentiation level was detected in the two samples
(Fst ¼ 0.3189), showing that selection procedures for different speciﬁc characteristics (e.g., height of plants and time of
ﬂowering) may to lead to ﬁxation of alleles and a/b-esterase phenotype patterns in S. rebaudiana populations.
4. Discussion
Our results conﬁrm the previous hypothesis that the polymorphisms of the a- and b-esterase isozymes examined using
a PAGE system represent adequate and promising markers for analysing the genetic diversity and structure of S. rebaudiana
populations, and this is contrary to our hypothesis that the artiﬁcial selection pressure in S. rebaudiana cultures for higher
glycoside production induces a lower level of genetic diversity.
Eight loci for the examined isoesterases were simultaneously evident in the leaves of S. rebaudiana using only one
enzymatic system. In leaves of thewild poinsettia (Euphorbia heterophylla), 8 loci were also observed for the a- and b-esterase
isozymes using a PAGE system (Frigo et al., 2009). There has not previously been a report of isozyme polymorphism in
S. rebaudiana. Because analysis of different enzymatic systems generally requires greater cost and time investments, a- and b-
esterase polymorphisms as determined using a PAGE system represent promisingmarkers andmay be used in further studies
to detect genetic diversity in other S. rebaudiana populations.
A high level of genetic divergence has been reported in different clones of S. rebaudiana based on morphological markers
(height of plants, production of freshmass and drymass, number of stems) and rebaudioside A/stevioside proportion analysis
(Anami, 2008). The results of investigating a- and b-esterase polymorphisms using a PAGE system in our study indicated thatTable 3
Similarity coefﬁcient and genetic distance (Nei, 1978) among the P1, P2, P3, and P4 Stevia rebaudiana populations.
P1 P2 P3 P4
P1 **** 0.9839 0.9930 0.9920
P2 0.0163 **** 0.9827 0.9816
P3 0.0070 0.0175 **** 0.9822
P4 0.0081 0.0186 0.0180 ****
Fig. 3. Alleles Est-22 and Est-23 (EST-22/3 heterozygous phenotype) and allele Est-42 in homozygosis (EST-42/2 phenotype) detected in the taller plants of Stevia
rebaudiana (samples 1–8), and the homozygous phenotype at the Est-2 locus (EST-22/2) and the heterozygous phenotype detected at the Est-4 locus (Est-42/3)
observed in the plants with precocious ﬂowering (samples 9–16).
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observed and expected proportion of heterozygous plants. The effect of artiﬁcial selection pressure in S. rebaudiana cultures in
inducing a higher level of genetic diversity (higher Ho and He values) was evident in the P2 population, which was developed
by genetically breeding plants for higher stevioside/rebaudeside production. The effective number of alleles (Ne) was the
highest in the P2 population, and the level of the observed (Ho) and expected (He) proportion of heterozygous plants was also
higher than the Ho and He estimated in the P1 and P4 populations, which were maintained by sexual and vegetative prop-
agation, respectively, and not used as commercial source of glycoside. The P3 population exhibited lower values for Ho and He
than P2 and has also been used as source of glycoside, though it was not developed by genetically breeding plants. The
rebaudioside A/stevioside proportion in the P2 and P3 populations cannot be revealed by the producers; it is possible that the
P2 and P3 populations present differential levels of rebaudioside A/stevioside and that a variable level may also be observed
within each of the P2 and P3 populations; thus, the differences in the mean heterozygosity values between the two pop-
ulations may be explained by differential traits or origins of the two populations.
Examination of artiﬁcially selected S. rebaudiana plant samples (S1 and S2 populations) with speciﬁc uniform character-
istics, such as greater height (S1) or precocious ﬂowering (S2), showed that this procedure leads to the ﬁxation of alleles and
a/b-esterase phenotype patterns in S. rebaudiana populations. This is an important result of this study because the uniform
a/b-esterase phenotype patterns found here may be applied for the monitoring of genetic stability in selected populations for
speciﬁc traits of interest. The level of rebaudioside A/stevioside in the S1 and S2 samples were not analysed in this study, but it
is possible that the detected a/b-esterase phenotype patterns may be applied for the monitoring of genetic stability in plants
selected for a higher level of rebaudioside A/stevioside production.
Despite the high values obtained for the observed (Ho) or expected (He) proportion of heterozygous plants in the S.
rebaudiana populations, the differential allele frequencies and proportions of heterozygous loci found in different populations
indicated that there was no genetic divergence among the four populations (Fst ¼ 0.0195). According toWright (1978), values
of Fst < 0.05 indicate a low interpopulational divergence level, or high genetic identity level between populations. The
observed lack of establishment of isolation and structuring mechanisms in S. rebaudiana populations can be justiﬁed as
a consequence of the great spatial dispersal or common origin of populations of this species. Although the S. rebaudiana
populations examined have been frequently disturbed by human interference, such as selection for high glycoside produc-
tion, the selection pressure employed in conventional management has not resulted in highly structured populations within
this species. In contrast, the selection pressure adopted to form the S1 and S2 populations (from P4 population) has resulted in
two genetically structured populations (Fst ¼ 0.3189). Values of Fst > 0.25 indicate a very high interpopulational divergence
level (Wright, 1978), or high genetic differentiation level between the S1 and S2 samples.
A deﬁcit of heterozygous plants or an excess of homozygous plants was evident only in the P4 population, which was
maintained by vegetative propagation (Ho < He). Thus, vegetative propagation may be indicated as the most favourable
method for the propagation of S. rebaudiana cultivars to be used as a source for industrial procedures of glycoside extraction
since plant populations exhibiting a lower genetic variability level represent a suitable source for carrying out industrial
extractionprocedures because the same protocol can be quickly and easily standardisedwith genetically uniformmaterial. On
the other hand, an excess of heterozygous plants was found in the P2 and P3 populations (Ho > He), which were cultivated by
producers in the Maringá region and inwhich the leaves are used as a source of glycoside extracts, suggesting that the excess
of heterozygous plants is the result of human selection pressure in these cases (frequent selection of glycoside production).
However, this hypothesis should be further investigated. In agreement with the low Fit value (Fit ¼ 0.0036), in breeding or
non-randomised breeding did not play a major role in shaping the populations’ genetic structure overall.
The level of interpopulational genetic divergence in S. rebaudiana populations revealed through the genetic identity values
(I ¼ 0.9816–0.9930) of the four populations indicates a narrow genetic base of this species. The high identity values obtained
may also be explained as a consequence of a common origin of the examined populations. In practical terms, this result
represents an important ﬁnding for S. rebaudiana cultivars because for populations with higher identity values, it may be
possible to adopt similar mechanisms and processes for their management and culture control. Additionally, seeds from any
population may represent the genetic diversity of the species.
V.M. de Carvalho et al. / Biochemical Systematics and Ecology 39 (2011) 594–599 599Our results enable us to suggest the use of a- and b-esterase isozymes, as determined using a PAGE system, for analysis of
the genetic structure and diversity among S. rebaudiana populations. The esterase analysis carried out in the current study
showed that there is high genetic diversity within local populations and low genetic diversity between populations of S.
rebaudiana. Understanding the genetic structure of these populations is important, and in the near future, it may lead to
similar management strategies for the culture and maintenance of different cultivars. In fact, knowledge of genetic diversity
may be important to guide similar or differential management practices and for the development of more effective cultivation
methods in this species. For example, in the future cultivation or control of pests in S. rebaudiana populations showing
a higher level of mean heterozygosity, different types and concentrations of nutrients or pesticides should be used. Addi-
tionally, producing S. rebaudiana populations exhibiting high heterozygosity may be the goal of continuous selection in the
medium and long-term for the generation of inbred lines and for the future production of new cultivars in breeding programs.
The a/b-esterase phenotype patterns obtained here may be applied for the monitoring of genetic stability in selected pop-
ulations for speciﬁc traits of interest.
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